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© Method for monitoring photoresist latent images. 



© The formation of latent images in photoresist can 
be monitored during exposure without spurious im- 
ages by directing a pulsed beam of monochromatic 
light onto a region of the layer being exposed and 



selectively detecting the diffracted light. Peak forma- 
tion in the normalized diffracted intensity versus time 
curve indicates optimal exposure of the resist. 
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Field of the Invention 

The present invention relates to photolithog- 
raphy and, more particularly, to a method for moni- 
toring, during exposure, the formation of a latent 
image in a layer of photoresist. 

Background of the Invention 



Photolithography using photoresists is of con- 
siderable commercial importance in the manufac- 
ture of semiconductor devices such as integrated 
circuits. In typical semiconductor manufacture, a 
semiconductor workpiece such as an oxide cov- 
ered silicon wafer is coated with a thin layer of 
photoresist. Selected regions of the resist-covered 
wafer are then exposed to light, as by passing light 
through a mask onto the wafer. Because the resist 
is photosensitive, a latent image corresponding to 
the exposure pattern forms in the resist layer. This 
latent image is developed, producing a resist mask 
on the underlying wafer. The mask exposes only 
selected areas of the wafer to chemical action, 
such as etching of the oxide coating, or to doping, 
as by ion implantation. 

There are two general types of photoresists: 
positive-working and negative-working. A positive 
resist becomes more soluble in developer upon 
exposure to ultraviolet light and exposed regions 
are washed away. A negative resist, in contrast, 
becomes less soluble after exposure, and the non- 
exposed regions are washed away. 

As semiconductor technology advances to 
smaller and smaller devices, monitoring and fine 
control of the resist exposure becomes increasingly 
important. For positive resist, underexposure un- 
duly broadens fine lines and, in the production of 
conductive regions of an integrated circuit, under- 
exposure can limit minimum size and even pro- 
duce unwanted short circuits. Similarly, overexpo- 
sure can produce unwanted open circuits. 

In an effort to provide . better control of the 
exposure process, others have attempted to moni- 
tor the formation of latent images in photoresist by 
monitoring the light scattered by the latent image 
of a diffraction pattern. Preliminary results using a 
continuous red, helium-neon laser to monitor for- 
mation of 1.7 micron grating have been reported. 
As the latent image forms, it acts increasingly like 
a diffraction grating with a peak at the first order 
diffraction angle. The photoresist, which is exposed 
by an ultraviolet source, does not absorb red light 
from the laser. 

This experimental approach, however, encoun- 
ters technical difficulties with the smaller dimen- 
sions of leading edge technology. As linewidths 
approach submicron dimensions, both the spacing 
of the test gratings and the wavelength of the laser 



must become smaller and smaller. Specifically, the 
wavelength must be less than twice the grating 
spacing. But for many resists light at such short 
wavelengths is increasingly absorbed by the resist, 

5 producing spurious images in the photoresist and 
thus interfering with the parameter to be monitored. 

Reducing the intensity of the monitoring radi- 
ation to levels so low that they do not expose the 
photoresist also reduces the signal-to-noise ratio. 

io As a result it is extremely difficult to extract useful 
information from the diffracted beam. Thus a new 
approach is required. 

Summary of the Invention 

75 

The present applicants have discovered that 
latent images in photoresist, including submicron 
latent images, can be monitored during exposure. 
Specifically, a workpiece having a surface coated 

20 with photoresist is exposed to a pattern of ul- 
traviolet light, and during the exposure, a pulsed 
beam of monochromatic light is directed onto the 
region being exposed to ultraviolet light. Light from 
the pulsed beam diffracted from the exposed re- 

25 gion is selectively detected. This method permits 
use of sufficiently high intensity beams to provide 
useful information concerning submicron latent im- 
ages while maintaining a cumulative exposure be- 
low that required to produce spurious latent images 

30 in the resist. Optimal exposure for a given applica- 
tion can then be correlated with the peak of dif- 
fracted light intensity as a function of time, provid- 
ing indicia for automatic exposure control. 

35 Brief Description of the Drawings 

The advantages, nature and various additional 
features of the invention will appear more fully 
upon consideration of the illustrative embodiments 
40 now to be described in detail in connection with the 
accompanying drawings. In the drawings: 

FIG. 1 is a flow diagram showing the steps of a 
preferred method for monitoring latent images in 
accordance with the invention; 
45 FIG. 2 is a schematic illustration of apparatus for 
monitoring resist latent images in accordance 
with the one embodiment of the invention; 
FIG. 3 is a graphical illustration showing the 
qualitative features of intensity versus scattering 
so angle for the monitoring apparatus of FIG. 1. 

FIG. 4 is a graphical illustration showing the 
qualitative features of diffraction peak intensity 
versus exposure time for the monitoring appara- 
tus of FIG. 1; and FIG. 5 is a schematic illustra- 
55 tion of a preferred embodiment of the invention 
used in the fabrication of a distributed feedback 
semiconductor laser. 
It is to be understood that these drawings are 
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for purposes of illustrating the concepts of the 
invention and are not to scale. 

Detailed Description 

Referring to the drawings, FIG. 1 is a flow 
diagram illustrating the steps of a preferred method 
for monitoring photoresist latent images in accor- 
dance with the invention. As shown, the first step is 
to provide a resist-coated workpiece such as a 
conventional silicon wafer having a thin layer of 
photoresist spun onto a major surface. The 
photoresist can be a conventional, commercially 
available resist such as Microposit S-1 400-3 
photoresist distributed by Shipley Co., Inc., New- 
ton, Massachusetts. The resist layer will typically 
have a uniform thickness in the range of a few 
hundred to several thousand angstroms. 

The next step shown in FIG. 1 is to form a 
latent image in the photoresist as by exposing the 
workpiece to a pattern of light The light is typically 
ultraviolet with a wavelength of a few thousand 
angstroms. The light is projected onto the work- 
piece in a desired pattern as by projecting through 
a mask to selectively expose a desired pattern in 
the workpiece. An alternative approach used, for 
example, to make diffraction gratings, exposes the 
workpiece to a pattern of light by forming an inter- 
ference pattern on the workpiece. Typical exposure 
times are on the order of a few minutes to less 
than a minute. In other approaches known to those 
skilled in the art, the latent images can be formed 
by a scanning laser beam or a scanning electron 
beam. 

The next step, which can take place simulta- 
neously with exposure, is to direct a pulsed beam 
of monochromatic light onto the region of the work- 
piece that is being exposed. The pulsed monitoring 
beam has a wavelength less than about twice the 
minimum line spacing in the exposure pattern. The 
duty cycle, beam cross section and beam intensity 
are chosen in relation to the absorption spectrum 
of the photoresist so that the total exposure from 
the monitoring beam is substantially less than 
would produce a developable image in the resist. 
In typical applications for monitoring submicron line 
spacings, the beam source can he a 0.2 microjoule 
dye laser with a wavelength of 2600 angstroms, a 
pulse duration of 10 nanoseconds, a duty cycle of 
2 x 10~ 7 and a cross section of 1cm 2 . With such 
parameters, the beam can be used to monitor the 
resist during exposure of several minutes while 
providing less than 10% of the exposure required 
to produce a developed line. 

As illustrated in FIG. 1, light from the monitor- 
ing beam diffracted from the exposed region of the 
workpiece is selectively detected. Both wavelength 
and temporal selection can be effected. Detectors 



can he selectively responsive to the wavelength of 
the monitoring beam or light filters can he provided 
for removing light of other wavelengths such as the 
exposing light. In addition, the detectors or their 

5 outputs are preferably gated to the source of the 
pulsed monitoring beam so that either the detec- 
tors operate only when the beam is "on" or their 
output is measured only when the beam is on. 

The final step, which can also occur simulta- 

w neously with exposure, is analyzing the characteris- 
tics of the diffracted beam to provide a measure of 
the level of exposure of the photoresist. Such ana- 
lysis can be provided by a peak detector or a slope 
detector responsive to the normalized diffracted 

75 intensity (normalized to incident or reflected inten- 
sity) versus time. As the normalized diffracted in- 
tensity approaches a maximum, the exposure of 
the photoresist approaches an optimum level. 

The implementation of this process, will be 

20 seen more clearly by reference to FIGS. 2 and 5 
which illustrate apparatus, for monitoring resist la- 
tent images in accordance with the invention. In 
FIG. 2, the apparatus comprises a pulsed laser 100 
for generating a pulsed beam of coherent light, and 

25 means (not shown) such as adjustable laser mount- 
ing for directing the pulsed .beam onto a resist 
layer 110 at a preselected region 111 containing 
latent images 1 1 2. The images 112 may have 
minimum dimensions of less than a micron. In 

30 typical applications, resist layer 110 is disposed on 
a substrate 120 such as a semiconductor wafer, 
and the . latent images 112 are in the process of 
being formed as by exposure of the resist to ul- 
traviolet light from a source 1 30 through collimating 

35 lens 135 and a projection mask 140. Such expo- 
sure alters the absorption and index of refraction of 
the exposed resist as a function of exposure time, 
thereby creating a detectable latent image. 

One or more detectors 150A and 150B are 

40 disposed and oriented for receiving light from laser 
100 scattered from region 111 of the resist layer 
110. Preferably one of the detectors 1 50A is posi- 
tioned to receive light reflected from region 111, 
and another detector 150B is positioned to receive 

45 light diffracted from region 111. 

In preferred embodiments, region 111 is a grat- 
ing region of spaced lines having equal spacings S 
of less than one micron. The photoresist layer 110 
has a thickness on the order of a few hundred 

so angstroms, and the pulsed laser 100 has a 
wavelength of less than twice the center-to-center 
line spacing S. The detectors 150A and 150B are 
preferably photomultipliers. Conveniently, the out- 
puts of detectors 150A and 150B are applied to a 

55 comparison circuit 170 for producing a normalized 
output signal commensurate with the ratio between . 
the diffracted intensity and the intensity of the 
monitoring beam for periods when the beam is 
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"on". To effectuate this result, circuit 170 is prefer- 
ably gated to laser 100 by conductor 160 in accor- 
dance with gating arrangements- well known in the 
art so that measurements are compared only dur- 
ing laser pulses. 5 

The latent images 112, consisting of a pattern 
of variations in the optical index of refraction in the 
resist layer, operate on the laser beams as one or 
more superimposed diffraction gratings, producing 
a characteristic distribution of scattered light inten- io 
sity I versus angle 4> from the normal. In general, 
scattered light intensity is a function of spatial 
frequency f = ^ = sine - sin* where S is the 
grating spacing in microns, e and <f> are the in- 
cident and scattered angles, X is the laser 75 
wavelength in microns and m is an integer m = 0, 
* 1, ± 2.... known as the order number. FIG. 3 is a 
graphical illustration showing the qualitative fea- 
tures of this distribution when the latent image is a 
plurality of equally spaced lines forming a single 20 
grating. As shown, the highestJntensity peak is the 
reflection peak A corresponding to m = 0. The 
second highest peaks are the first order diffraction 
peaks B, corresponding to m = ± 1 . Higher order 
diffraction peaks C, D, etc. may be produced, de- 25 
pending on the wavelength of the laser beams as 
compared with the line spacing. In the preferred 
practice of the invention, the latent image is mon- 
itored by a shallow angle incident beam, e.g. e 
approximately 80° . 30 

The changes in absorption and index of refrac- 
tion in the latent images varies with exposure to 
ultraviolet light from source 130. This variation in 
index of refraction, in turn, varies the intensity light 
from laser 100 scattered by the latent image pat- 35 
tern, and this variation in scattered light intensity 
can be used to measure the extent of exposure. 
FIG. 4 is a graphical illustration showing the quali- 
tative features of the intensity of a normalized 
diffraction peak, e.g. peak B of FIG. 3, plotted as a 40 
function of exposure time for the apparatus of FIG. 
2. As can be seen from FIG. 4, the diffraction 
intensity begins substantially at zero and, with in- 
creasing exposure time, increases to a maximum 
value. Thereafter, the intensity begins to decrease 45 
with increasing exposure. It has been found that 
the initial region of increasing intensity with time 
corresponds to under-exposure of the photoresist, 
maximum intensity corresponds to optimum expo- 
sure, and the region of decreasing intensity with 50 
time corresponds to overexposure. 

With but minor modification, the process of 
FIG. 1 and the apparatus of FIG. 2 can be used to 
monitor the development of an exposed image in 
photoresist. In this instance, the resist-coated work- 55 
piece has already been exposed so instead of 
being exposing to a pattern of light, it is exposed to 
a developing agent, such as Shipley 352 Developer 



or Shipley 452, and simultaneously the developing 
image is monitored as previously described. 

FIG. 5 is a schematic illustration of a preferred 
embodiment of apparatus used to monitor the for- 
mation ofca submicron grating structure, such as is 
typically formed on a distributed feedback semi- 
conductor laser. In this arrangement the substrate 
220 is typically a heterojunction semiconductor la- 
ser having thin resist layer 210 approximately 400 
angstroms thick. The resist-coated substrate is ex- 
posed to a pattern of varying light intensity not 
through a mask but rather by exposing it to an 
interference pattern. Specifically, the coated sub- 
strate 220 is disposed on a mount angularly dis- 
placed from a reflector 225 and both the reflector 
and the substrate are exposed to monochromatic 
ultraviolet light from a pinhole source 230 so that 
the reflected light and the direct light form an 
interference pattern 212 on the photoresist layer. In 
the preferred arrangement, the angular displace- 
ment between the substrate 220 and the reflector 
225 is 90°. The pinhole source 230 preferably 
comprises a HeCd laser 231 -with wavelength of 
about 3250 angstroms. The resulting interference 
pattern on the photoresist has intensity peaks sep- 
arated by a center-to-center spacing S of about 
2500 angstroms. Optical exposure of the photores- 
ist, upon development, produces a pattern of resist 
lines spaced apart by one line width (i.e. the grat- 
ing structure has a 50% duty cycle.) 

In accordance with the invention, resist expo- 
sure in this apparatus is monitored by a pulsed 
laser 200 of wavelength 2600A directing a pulsed 
beam on to the resist layer 210. Preferably laser 
200 is a 0.2 microjoule laser with a pulse duration 
of about 10 nanoseconds and a beam cross sec- 
tion of about 1cm 2 . First detecting means such as 
photomultiplier 240A is disposed for providing an 
output proportionate to the reflected beam intensity 
and second photomultiplier 240B is disposed for 
providing an output proportionate to the intensity of 
the diffracted beam. The outputs of detectors 240A 
and 240B are applied to a comparison circuit 270 
for producing an output proportionate to the nor- 
malized diffracted intensity. Circuit 270 is prefer- 
ably gated to laser 200 via conductor 260 so that 
measurements are compared only when laser 200 
is "on". The output of the comparison circuit can 
be applied to a peak detecting circuit 280 for 
determining the point in time when the normalized 
diffracted intensity reaches a peak. Exposure from 
source 230 can then be automatically terminated in 
relation to peak detection to secure optimal expo- 
sure. The resist is then developed and the desired 
diffraction grating is etched in the substrate in 
accordance with techniques well known in the art of 
photolithography. 

It is to be understood that the above-described 
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embodiments are illustrative of only a few of the 
many possible specific embodiments which can 
represent applications of the principles of the in- 
vention. Numerous and varied other arrangements 
can be readily devised in accordance with these 
principles by those skilled in the art without depart- 
ing from the spirit and scope of the invention. 

Claims 

1. A method for monitoring the formation of a 
latent image in a layer of photoresist compris- 
ing the steps of: 

providing a workpiece having a surface 
coated with photoresist; 

forming a latent image in a region of the 
photoresist, 

directing a pulsed beam of monochromatic 
light onto said region of said photoresist where 
said latent image is being formed; and 

selectively detecting light from said pulsed 
beam diffracted from said region of said 
photoresist. 
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diffracted light intensity. 

A method for monitoring the development of 
an image in a layer of photoresist comprising 
the steps of: 

providing a workpiece having a surface 
coated with exposed photoresist; 

exposing said workpiece to a developing 
agent; 

directing a pulsed beam of monochromatic 
light onto said region of said photoresist where 
said image is being developed; and 

selectively detecting light from said pulsed 
beam diffracted from said region of said 
photoresist. - . 



2. The method according to claim 1 wherein said - - 
pulsed beam of monochromatic Jight-Js. dir.-. , 
rected onto said region. -during the n step dof * • 
forming said latent image. ^k^cco m m 
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The method according to claim .1 ..wherein light, 
from said pulsed beam is selectively detected 
only during periods when -said beam is pulsing. 



+ 30. 



The method according to claim 1 wherein the 
energy per unit area of said pulsed beam 
monochromatic light is less than 10% of the 
energy required to provide a developable im- 
age on said photoresist. 



35 



5. The method according to claim 1 wherein said 
latent image is formed by exposing said 
photoresist coated surface to a pattern of light 
by projecting ultraviolet light through a mask. 



40 



The method according to claim 1 wherein said 
latent image is formed by exposing said 
photoresist coated surface to a pattern of light 
by forming an interference pattern on said 
coated surface. 

The method according to claim 1 further com- 
prising the step of detecting the occurrence of 
a peak of diffracted light intensity as a function 
of time. 

The method according to claim 6 further com- 
prising the step of stopping formation of said 
latent image upon detection of said peak of 
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PROVIDE A RESIST-COATEO WORKPIECE 



EXPOSE WORKPIECE TO 
PATTERN OF UGHT 



FIG, 1 







OIRECT PULSED BEAM ON TO 
EXPOSED REGION 






SEiicnvay detect light 

DIFFRACTED FROM EXPOSED REGION 






DETERMINE EXPOSURE FROM 
DIFFRACTED INTENSITY 



FIG. 3 
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